ABSTRACT
INTRODUCTION
Titanium dioxide (TiO 2 ) has been regarded as an important semiconductor material because of its wide applications related to catalytic devices, gas sensors, batteries and solar cells [1] [2] [3] [4] , mostly attributed to its low cost and special optical and electronic properties [5] . However, the big band-gap and fast charge-carrier recombination have proved to strongly limit the photocatalytic activity of TiO 2 . Some recent studies related to photocatalytic activity show doping two metal or nonmetal components into anatase TiO 2 lattice is a very effective way for improving the photocatalytic activity of TiO2 [6] [7] [8] .
Besides the doping method, TiO 2 with porous structure possesses more reactive activity dots and also favors of reactants adsorption and product desorption [9] , both of them beneficial to the improvement of photocatalysis efficiency. Nanofibrous network structure has very small pore size and very high porosity [10] . In order to obtain nanofiber structure materials, various preparation methods have been developed [11] [12] [13] [14] . Among many available methods for producing nanofibers, the electrospinning is a very convenient and versatile method for fabricating continuous nanofibers with uniform diameters from various polymers, ceramics and composites [15] [16] [17] .
In the present work, TiO 2 co-doped with Fe 3+ and La 3+ in the form of nanofibers were prepared by combining sol-gel method, electrospinning technology and calcination process. The fibrous structure, components, crystallize state and surface morphology of Fe 3+ , La 3+ co-doped TiO 2 nanofibers were investigated by scanning electron microscope (SEM), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD) and atomic force microscope (AFM).The photocatalysis efficiency for the methylene blue degradation under ultraviolet-visible irradiation was compared between un-doped and co-doped nanofibers . The mechanism of two dopants on the improvement of TiO 2 nanofiber photocatalysis activity was discussed. 
EXPERIMENTAL

Characterization
The fibrous structures of the nanofibers were observed with SEM (HITACHI S-4800) after gold coating. XRD patterns of all samples were obtained at room temperature with a BRUKER D8 diffractometer (Cu Kα radiation, λ = 1.5406 A° ) with the scanning rate of 5°/min. FTIR of the samples were recorded on Nicolet Nexus ATR-FTIR at a scanning rate of 64 s -1 . The AFM scanning was performed on a CSPM4000 AFM (Benyuan, China), with a scanning frequency of 1.0 Hz in tapping mode.
Measurement of Photocatalytic Efficiency
The photoreaction was conducted in a 200mL cylindrical vessel with a water-cooled quartz jacket. Irradiation was provided by a 150W tungsten halogen lamp and an 8W UV lamp, located in the center of the quartz jacket. A magnetic stirrer was equipped at the bottom of the reactor to achieve effective dispersion. Air was bubbled through the reaction solution from the bottom to ensure a constant dissolved O 2 concentration. The photocatalytic activity of co-doped TiO 2 , pure TiO 2 nanofibers was also tested. The amount of nanofibers chosen was 0.2 g/L, the methylene blue concentration was 1.5×10 -5 mol/L, and 100mL methylene blue solution was used for each photocatalytic degradation study. The temperature of the reaction solution was maintained at 25±0.5 . The reactor was placed in a darkroom first until it reaches adsorption equilibrium. A certain amount of reactive solution was withdrawn at 30 min intervals. The residual concentration of methylene blue was measured at 665 nm wavelength with a 721 UV-Vis spectrophotometer (Jingke, China).
RESULTS AND DISCUSSION Fibrous Structure
The SEM images of electrospun P/T nanofiber and P/TFL composite nanofibers before calcinations are illustrated in Figure 1 . The nanofibers are randomly distributed on the collector to form a 3-D fibrous web. The morphology and diameters of the electrospun P/TFL composite nanofibers are significantly affected by the Fe 3+ and La 3+ added. As can be seen from Figure 1 , some discontinuous dots appeared on the surface of P/TFL nanofibers, possibly because some exposed Fe 3+ and La 3+ ions were oxidized by air. It can also be observed from Figure 1 that compared to P/T nanofibers, the average diameter of P/TFL nanofibers increased with Fe 3+ and La
3+
loading. Figure 2 displays the SEM images of 500 calcined TiO 2 nanofibers and TFL nanofibers. It is observed from Figure 2 that the fibrous structure of TiO 2 nanofibers and TFL nanofibers are well reserved after 500 calcinations. It can also be found from Figure 2 that compared to TiO 2 nanofibers, the TFL nanofibers clearly exhibit a bend fibrous web and porous structure. The doping of Fe 3+ and La 3+ favors the porous fibrous structure formation. The XRD patterns of TiO 2 and TFL nanofibers calcined at 500℃ are shown in Figure 3 . Figure 3(a) shows a series of peaks at 2θ= 25.3°, 37.8°, 48.0° and 55.1°, corresponding to those of pure anatase TiO 2 (JCPDS 21-1272). Figure 3 (b) also reveals some crystalline peaks in the same degrees but the intensities are weaker. This indicates that co-doping influenced the crystallinity of TiO 2 nanofibers. The radii of Ti 4 + , Fe 3+ , and La 3+ for hexa-coordinate are 69, 74.5, and 115pm, respectively. According to Pauling's principle, Fe 3+ ions can merge with the matrix of the TiO 2 nanoparticles without causing much crystalline distortion. Due to the large difference on the ionic radius between Ti 4+ and La 3+ , it is difficult for La 3+ ions to substitute Ti 4+ ions, and therefore most of the La 3+ ions are distributed on the surface of the matrix of TiO 2 nanoparticles. However, the substitution of some La 3+ ions into the matrix of TiO 2 will seriously affect the hexa-coordinate and distort the matrix [18] . FIGURE 4 . FTIR spectra of (a) P/TFL nanofibers, (b) TiO 2 nanofibers, and (c) TFL nanofibers.
XRD Analysis
FTIR Analysis
The formation of metal oxide nanofiber is further supported by FTIR analysis Figure 4 . Figure 4 presents the FTIR spectra of the P/TFL nanofiber (Spectrum a), the TiO 2 nanofiber (Spectrum b), and the TFL nanofiber (Spectrum c) nanofiber in wave numbers ranging from 400 to 3000 cm -1 .Specturm a reveals strong absorption bands between 800 and 1800cm -1 which can be assigned to bending and stretching frequencies of the PVAc, whereas the absorption peaks of inorganic components in the P/TFL system are not obvious. After calcinations at 500℃, from spectrum b and c, all these strong features are removed. No sign of absorbed water or hydroxyl or hydrocarbon impurity can be observed. The surface morphology of electrospun nanofibers before and after doping is investigated by AFM. The AFM images and cross section curves of TiO 2 nanofibers and TFL nanofibers are presented in Figure 5 . Images in Figure 5 reveal that the nanofibers are randomly oriented in the web, with some nanoparticles forming aggregation structures on the surface of both TiO 2 and TFL nanofibers. According to the AFM images and cross section curves, the surface roughness of nanofibers is increased after co-doping of Fe 3+ and La 3+ . This is possibly attributed to some Fe 3+ and La 3+ oxides deposited on the surface of TFL nanofibers. It can also be observed in Figure 5 (b) that some deep holes exist among the TFL nanofibers. The concentration variations of methylene blue with irradiation time are presented in Figure 6 . When the two reaction solution systems reach adsorption equilibrium, the starting concentration of methylene blue in TFL nanofibers solution system is less than TiO 2 's, which imply in comparison with pure TiO 2 nanofibers, TFL nanofibers possess better adsorption ability. Fe 3+ and La 3+ co-doping can significantly enhance the photocatalytic activity compared with un-doped TiO 2 nanofibers. Such an improvement caused by co-doping of Fe 3+ and La 3+ leads to the variation of micro morphology and lattice structure of TiO 2 nanofibers. The TFL nanofibers have clearer porous structure and rougher surface morphology (Figure 2, Figure 5) 3 -2012 traps and the distortion of TiO 2 lattice. It was also found from an AFM images and section curves that the co-doped TiO 2 nanofiber mats possess deep holes and a rough surface. The photocatalysis activity of Fe 3+ and La 3+ co-doped TiO 2 nanofibers are significantly improved due to the porous surface structure and the cooperative actions of the two dopants.
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